Motion of a compressed shell in the dust universe model is investigated in a fully relativistic manner under the approximation of infinitesimally thin shell: All voids smaller than the horizon size expand similarly, but the voids larger than the horizon do not expand appreciably until the horizon encompasses their sizes. In the open universe model, the enlargement of the void stops actually after some period. In the flat universe, the void expands forever faster than the background and its radius R behaves asymptotically as R/ ace 1°130, where a is the scale factor of the background universe. In the closed universe, the void expands much faster and tends to the light velocity at the final stage. § 1. Introduction
and it ± = da±/ dt±. The comoving coordinates, the proper time and the proper radius of the shell are denoted by Xs,±, rand R, respectively. We gave the equation for Xs( r) and R( r) in Ref. 5 3 •
If we consider the vacuum void, i.e., p-= 0, the equation is reduced to ( Ms == 47rIJR ) where IJ is the surface density of the shell. In the Newtonian limit of R~l and 2m/ R ~1, Ms coincides with m(xs), which is the mass contained in a sphere with radius R in the uniform universe. Further, we shall rewrite Eq. (2'5) using the cosmic conformal time lJ, since the quantities of the background universe is given in terms of lJ rather than the proper time r of the shell and since, when we treat the non-fiat universe, the scale factor a is analytically expressed by lJ while parametrically by the cosmic time t. By introducing the cosmic conformal time lJ defined by dlJ=a-Idt, Eq. (2·5) In a previous paper, we gave the analytic solution for the expansion law in the Newtonian approximation. In the fiat universe, the asymptotic behaviour of the shell radius is expressed as R ~ to.
797
, and in the open universe the shell expansion is frozen, that is, it tends to move together with the background medium asymptotically in the future. In the closed universe, the Newtonian approximation always breaks down asymptotically.
Here, we show the result by numerical integration of the fully relativistic equation (2·8) for various cases. The expansion of the shell radius in the fiat model is shown in Fig. 1 . V H,i is the initial size of a void in units of the horizon size. The initial data for the vacuum voids are specified by VH,i and the scale factor ai. From Fig. 1 , we can see that if the void is initially smaller than the horizon, i.e., VH,i < 1, the behaviour of expansion is very similar to that of the Newtonian void ( VH,i~l), and the expansion soon tends to obey the Newtonian asymptotic expansion law of R ~ t o • 797 .
As mentioned in the previous paper, in the limit of extreme super-horizon case, i.e., VH ~ 1, the equation reduces to , which is shown by the dotted line. If the voids are initially larger than the horizon, the voids do not enlarge appreciably until they are encompassed by the particle horizon. 1279 which coincides with the background expansion law. Therefore the void does not appreciably enlarge until it is encompassed in the particle horizon. This behaviour can be seen in Fig. 1 In the open models of Q o=O.Ol and 0.1, the shell starts to expand as in the flat model, tends to move more slowly than the flat case, and is frozen finally to the background expansion, where Xs remains constant. In the flat model, the speed of the shell, Vs, goes up gradually, and it approaches [( -1 +1I7)/ 16] V H ~0.195 VH. In the closed models such as Q o = 1.5 and 5, the shell expands more rapidly than in other cases. As we have chosen the scale factor a/a i for the ordinate instead of the cosmic time t or r;, the motion of the shell in the collapsing phase of the background universe becomes as denoted by the dotted lines. The void continues to enlarge even after the turning point of the background universe, and the proper velocity will reach light velocity finally as discussed later.
In Fig. 3 ... The ordinate is the scale factor a in units of its present value au and the abscissa is xlxi. which means the comoving size in units of its initial value. For zi=10 3 , in which case the shell expansions are indicated by the solid lines corresponding to the cases Q o=O_Ol, 0.1,1 and 1.5 from the left respectively, the enlargement of the void is appreciable even in the case .120=0.01. However, for Zi = 10, in which case the shell expansions are indicated by the dash-dotted lines, the enlargement of the void is negligible even in the case Q u =1.5. In the case zi=10 2 , the shell expansions are drawn by dashed lines. The fate of the voids will be classified into two types: (i) The voids are smaller than the whole space when the universe collapses to the future singularity (VH.i:S 70), and (ii) the voids occupy the whole space before the universe collapses to the singularity ( VH.,;:; 70). In the second case, the universe will terminate when the void occupies the whole spaces, and then the life of the universe will be shortened. The velocity of the shell. Vs , always tends to approach the light velocity at the final stage of the shell.
in the x-r; diagram for various voids whose sizes at Zi are specified by the values of VH,i. As seen in Fig. 4 , the fate will be classified into two types: (i) The voids are smaller than the whole space when the universe collapses to the future singularity, and (ii) the voids occupy the whole space before the universe collapses to the singularity. In this example, the first case occurs for VH,i:S70 and the second one for VH,i<-:70. In the second case, the universe will terminate when the void occupies the whole space. Then, the life of the universe will be shortened. This critical value of VH,i depends on Zi and Qo, and it will be slightly larger than 70 for Zi > 10 3 and for Q o< 1.2. As seen in Fig. 4 , the velocity of the shell, Vs , always tends to approach the light velocity at the final stage of the shell, which is also easily checked by investigating analytically the behaviour of Eq. In the real universe, there may exist many less-dense regions as well as over-dense regions as initial perturbations and, in the non-linear stages of the perturbations, the shape of the perturbed regions begins to change: The over-dense region tends to collapse into a flattened shape called a "pancake" or filamentary shape, and the less-dense region is supposed to evolve into an extended spherical void irrespective of the initial shape. This may be anticipated not only from the calculation by Fujimoto 6 ) but also by a snow-plow effect as follows: The mass accumulation is small in the small curvature part of the expanding void surface and large in the large curvature part, and the expansion at a larger curvature will be decelerated much more. Thus, the surface tends to have a uniform curvature.
In the actual situation, however, since there are many voids and "pancakes", the expanding shells will collide with each other or with "pancakes" to form a cellular structure. The formation process is very complicated, and we need a computer simulation as performed by Doroshkevich et al.,7) and by ), 9) After this stage, the dynamics of the cellular structure is similar to that considered in this paper if we regard the "pancake" or the "filament" as a thin shell and the region of the void as the background.
